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A phenomenological model has been developed and discussed. The model is able to describe 

the experimentally measured light transmission of nanowires arrays. Two representative 

samples were studied in this report. A well aligned nanowires sample was first modelled by 

an effective layer model with surface roughness added. Then a slightly tilted nanowires 

sample with round top was phenomenologically modelled by a two layers model with a first 

top layer of an effective medium which includes a volume scattering contribution (Mie 

theory). Roughness and waviness are added to account for the nanowires small and large scale 

fluctuation in height. This phenomenological description was proven to be feasible by fitting 

experimental data. As a conclusion, light transmitted through randomly distributed nanowires 

can be explained by the combination of volume and surface scatterings using respectively Mie 

theory and rough Fresnel coefficients at the interfaces. 
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1. Introduction 

 

One-dimensional semiconductor nanowires are of a great interest for a large number of 

electronic and photonic devices due to their physical properties coming from electronic or 

quantum confinement [1-4]. In particular, ZnO nanowires thin films are among the most 

promising materials, because of a large exciton binding energy (60 meV), a wide bandgap 

(3.37eV), a resistance to harsh environments as well as the existence of relatively easy 

nanofabrication methods like the catalyst-assisted vapor-liquid-solid growth method[5-6], 

chemical bath deposition (CBD) [7] or electrochemical deposition (ECD) [8, 9]. ZnO 

nanowires are attractive building blocks for many optoelectronic devices such as ultraviolet 

lasers [10, 11], gas sensors [12, 13], light emitting diodes [14, 15], and photodetectors [16, 

17]. 

Many theoretical works that have aimed at calculating the transmission of nanowires 

thin films are based on numerical studies using the finite-difference time-domain method 

(FDTD) method [18-23]. FDTD appears as a straightforward method to simulate light 

interaction with nanowires, however, this approach is very time consuming and requires to 

know the exact geometry of the samples. As the solution grown nanowires are randomly 

distributed and usually tilted on the substrate, the exact geometry is almost impossible to 

assess. In this context, phenomenological modelling appears more appropriate to describe the 

optical properties of the arrays. As an examples, similar approach has already been applied to 

simulate the optical properties of Cu nanowires [24]. In this paper, we report on the 

phenomenological modelling of the light transmission of nanowires arrays through parameters 

coming from the fitting of the direct transmission of a ZnO nanowire array sample. A rather 

simple analytical model is developed to describe the optical response of the sample. 

 

2. Theory and calculation 

 

2.1. Transfer matrix method and rough Fresnel coefficients 

The transmission of a multilayer system is readily calculated by the transfer matrix 

method [25]. In the matrix, 	��↓	is the amplitude of the electromagnetic wave propagating in 
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the positive direction, which is the same direction as the incident light. ��↑ is the amplitude of 

the electromagnetic wave propagating in the negative direction. The Light amplitude in air 

��↓ 	and ��↑  can be calculated in the following form by: 

 ���↓��↑ � = 
���

�
⋯
� ���
↓

��↑�        (1) 

where 
� is the transmission matrix at the flat interface between two media layers � − 1 and  � 
given by: 

 
� = 1
����,� �

1 ����,�����,� 1 �    (2) 

where ����,� and ����,� are respectively the Fresnel transmission and reflection coefficients of 

the interface between layers � − 1 and  �. The propagation matrix ��, which relates the field 

amplitude in the top and bottom sides of the layer �	, is given by: 

 �� = ������ 0� �����        (3) 

where �� is given by: 

 �	� = 2 
! "�#� cos '�         (4) 

! is the wavelength of the incident field, "� 	is the thickness of the �-th layer, and '�  is the 

incident angle at the interface between layers � − 1 and �. 
If we assume the field amplitudes in the bottom layer to be ��↓ = 1 and ��↑=0, then the 

transmission of the multilayers structure can be expressed as: 

 ( = #�#� (
1
��↓ )


        (5) 

To calculate the surface scattering between the interfaces of the rough layers, the 

rough Fresnel coefficients equations were applied. G. Lérondel and R. Romestain [26] have 

derived a second-order approximation solution, and the simplified reflection coefficients ����,� 
and transmission coefficients ����,� of a rough layer have been given in the special case of 

small scattering angles:  

 ����,� = +��� − +�+��� + +� -1 − 4+���
/�
0        (6) 
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 ����,� = 2+���+��� + +� 11 − (+��� − +�)
/�
2        (7) 

where +��� and  +�  are the wave factors of the incident wave and transmitted wave at the 

rough surface of the layer �, and /� is the amplitude of the sine profile roughness.  

The transfer coefficients for the amplitude of forward and backward waves ���� and  

����3  in the medium � − 1 as a function of the amplitude �� and  ��3 in the medium � are 

obtained: 

 �����↓
����↑ � = 
4 ���

↓
��↑�        (8) 

Then the transmission matrix 
4 that links the amplitude of the waves on the two sides of the 

rough interfaces is given by: 

 
� = �5� 6�7� "��        (9) 

with: 

 5� = +��� + +�2+4�� 11 + (+��� − +�)
/�
2         (10)

 6� = +��� − +�2+4�� -1 + (+��� − +�)
 − 4+���
/�
0         (11)

 7� = +��� − +�2+4�� 11 + 1(+��� − +�)
 − 4+���
2/�
2         (12)

 "� = +��� + +�2+4�� -1 + 3(+��� − +�)
/�
0         (13)

 

2.2. Effective medium theory (EMT) 

EMTs have been developed to calculate the effective permittivity of a composite 

material system. In our modelling, we selected Maxwell-Garnett model [27]. To simulate the 

porous properties of an effective layer composed of Mie scattering nanosphere and air. The 

effective permittivity 9� of this layer can be derived from the following equation: 

9� − 9:�;9� + 29:�; = <� 9=> − 9:�;9=> + 29:�;         (14) 
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where <� is the density of the nanospheres in the effective layer, 9:�; is the permittivity of the 

air and 9=> is the permittivity of the nanospheres, which will be introduced in the following 

section.  

As for another effective layer, which are composed of nonspherical material and air. 

We selected the Landau Lifshitz/Looyenga model [28] [29] as the effective medium model. 

The effective permittivity 9
 can be deduced from the following equation: 

 ?9
@ = <
?9A@ + (1 − <
)?9:�;@
  (15) 

While <
 and 9A	are the volume fraction and permittivity of the component n. 

 

2.3. Effective extinction coefficient of a homogenous nanosphere slab 

Mie theory was applied to calculate effective extinction coefficient of a 

homogenous nanosphere slab [30]. The volume attenuation coefficient is given by: 

C = DEFGH  
(16) 

while DEFG  is the extinction cross-section of nanosphere and H  is the volume of 

nanosphere. From equation (16), one can easily retrieve the imaginary part of the 

refractive index that accounts for the extinction (absorption and scattering): 

+ = DEFG!4H         (17)

The refractive index of a homogenous nanosphere slab with Mie contribution can be 

expressed as: 

#I = # + DEFG!4H �        (18)

we consider here that the real part is not affected as we are dealing with a homogenous 

slab. 

 

2.4. The combined model 

In this work, we have developed a combined model to phenomenologically 

model randomly distributed nanowires thin film. Figure 1 shows the sketches of the 

sample (left) and the model (right). We modeled the nanowire by two effective 
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medium layers with the first top layer includes Mie contribution accounting for the 

light scattering by the top of the nanowires. Roughness and waviness are added to 

account for the nanowires small and large scale fluctuations. Parameters have been 

chosen to be directly linked to the real geometry of the sample. In the 

phenomenological model, the average diameter of the nanowires d corresponds to the 

diameter of sphere, the average height of nanowires e corresponds to the sum of the 

first and second layer thicknesses, em+ d, the small scale height fluctuations ξ 

corresponds to the roughness ξm and finally the large scale height fluctuations w 

corresponds to the waviness J. 

By applying equation (1) we can calculate the field amplitude in air (see the 

appendix for the matrix configuration): 

 ���↓��↑ � = 
���

�

K�K
L…
A�A
= ��=↓�=↑�     (19) 

while 
�, 
K are transmission matrices at the two rough interface 1 and 3, and 
L, 
N and 


O the transmission matrix at the interface 4, n and s. Then the equation (19) can be given by: 

���↓��↑ � = �5� 6�7� "�� ��
���P 0� ���P�

1
��
 �

1 ��
��
 1 � ��
－��Q 0� ���Q� �

5K 6K7K "K� ��
－��@ 0� ���@� …
R ��=↓�=↑� 

  (20) 

The transmission is given by: 

 (S = #=#� T
1
��↓U



     (21) 

The multilayers transmission is modified by the bottom reflection of the glass, which is 

simply the Fresnel reflection between glass and air, and then the transmission is given by: 

 (= = (S(1 − V=)     (22) 

As for the thickness and diameter fluctuations called here thickness and diameter 

waviness respectively we took a simple weighting function by considering the fraction as 

1:2:5:2:1, which come from the Gaussian-like distribution of the thickness. This method has 

already been used in the case of porous silicon film [31] and Gaussian distribution of 

diameters has been observed in the CBD growth nanowires as well[7]. Then the final 

transmission of the combined model is expressed as: 
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( = W DX W DY W DZ(=("Z + [JZ, "Y + HJY, "X + \JX)



Z]�





Y]�





X]�

    (23) 

where [, H, \  represent the coating layer of the substrate, the effective layers and the 

nanospheres, " is the thickness (diameter for the nanospheres), J is the waviness (dispersion 

for the nanospheres), D is the weighting value: D�
 = �
��, D�� = 


��, D� = ^
��, D� = 


��, D
 = �
��. 

The reflection of the combined model is calculated in the same way: 

 V= = (��↑��↓ )

     (24) 

The final reflection of the combined model is given by: 

V = W DX W DY W DZV=("Z + [JZ, "Y + HJY, "X + \JX)



Z]�





Y]�





X]�

         (25) 

The signal attenuation (absorption and scattering) then is expressed as: 

 � = 1 − ( − V     (26) 

 

3. Experimental details  

 

The first ZnO nanowires thin film sample studied in this paper was prepared by CBD 

method. 0.035M zinc acetate was dissolved in 750 mL of deionized water. 9ml of ammonium 

hydroxide was added to this solution. The ZnO seed layer pre-coated quartz substrate was 

immersed in this solution for one hour at 87℃ (details of the deposition technique can be 

found in the literature [7]). The second ZnO nanowires sample was obtained by ECD method, 

in the following condition: C[Zn(ClO4)] = 0.2 mM, Q = 23.81 C.cm-2 and molecular oxygen 

bubbling (details of the deposition technique and conditions can be found in the literature [8, 

9]), The sample was grown on a FTO thin film coated glass substrate, the thickness of the 

FTO layer was about 1 µm.  

The morphologies of the samples were characterized by the Field-emission Scanning 

Electron Microscope (FEG-SEM Hitachi SU8030 at 10 kV) and the Atomic Force 

Microscope (AFM 5100 Agilent). The optical transmission curves of the ZnO nanowires 

samples were measured using a UV-VIS-NIR spectrophotometer (Cary 100) with a spot size 
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of 2 mm × 5 mm, which is much bigger than the size of the nanowires and the distance 

between them. In this regard, the studied nanostructure samples in this work have large scale 

uniformity compared to the spot size. Moreover large scale homogeneity has been assessed by 

measuring the transmission on different spots of the sample. 

 

4. Results 

 

4.1. Morphology and Transmission curves 

The SEM image (inset of Figure 2 (a)) shows that the nanowires of sample 1 were 

relatively well aligned and perpendicular to the substrate. They were closely compact, with a 

diameter and length in the order of 50 nm and 810 nm respectively. Figure 2 (a) displays the 

transmission curve of sample 1. This curve shows some fringes in the visible range and a 

sharp decrease of the transmission at shorter wavelengths, which is attributable to near band 

edge absorption. Those features are typical of the transmission of a ZnO thin film. 

The inset of Figure 2 (b) shows a cross-section of sample 2. The diameter and length 

of the nanowires were in the order of 200 nm and 450 nm, and the nanowires were more titled 

compared to the sample 1. The angle is however smaller than 30° with respect to the substrate 

normal vector. Figure 2 (b) shows the transmission curves of the substrate alone (FTO-coated 

glass) and sample 2. The transmission curve of the substrate has the similar features as the one 

of sample 1. For the full sample, the curve shows almost no transmission below 375 nm, 

which is due to the absorption by the ZnO. The transmission has a fairly constant value over 

the range of 400 to 470nm and then increases monotonically at longer wavelengths.  

 

4.2. The rough layer model 

The applicability of the rough layer model was first verified by respectively modelling 

the optical transmission curves of sample 1 and of the FTO substrate used for sample 2. 

As described in the previous part, the nanowires of sample 1 are very compact and 

have small diameter, a rough porous thin film model (inset drawing of Figure 3) is applied to 

fit the transmission curve. Figure 3 shows the calculated curves with different parameters and 

the experimental data. The best fitting curve was calculated by the following parameters: The 
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thickness of the ZnO thin films is 810 nm with a waviness of 30 nm. The surface roughness is 

equal to 18 nm. As for the modeling on the porous properties of the thin film, we selected the 

Landau-Lifshitz/Looyenga model as the effective medium model, with a ZnO volume fraction 

of 73%, which is fairly comparable to the density of the close packed ZnO nanowires. The 

good fitting in Figure 3 indicates that the light scattering of sample 1 can be explained by 

small angle scattering only due to surface roughness. The effective medium theory works well 

to simulate the nanowires thin film as a porous thin film, since the diameters of the nanowires 

are much smaller than the light wavelength.  

Then we simulate the transmission curve of the FTO substrate of the second sample 

with a rough thin film model. We need first to define the parameters of the substrate, 

including the thickness, roughness and waviness amplitudes and the refractive index of the 

FTO layer. Figure 4 (b) and Figure 4 (c) show the SEM and atomic force microscope images 

of the FTO layer. The roughness root mean square of the FTO layer can be obtained from the 

AFM image which is equal to 29.5 nm. The insert of Figure 4 (d) shows the model used to 

calculate the transmission curve of the substrate. With the known roughness amplitude, the 

other parameters in the calculation are obtained by fitting the measured transmission curve. 

Figure 4(a) shows the calculated transmission curves of a flat substrate and a rough 

substrate. The transmission of the rough substrate is lower and shows less contrast in the 

fringes, which is due to the scattering by the surface roughness. The simulated curve of the 

rough substrate fits better with the experimental data. 

Nevertheless, to well account for the experimental data, a further decrease of the 

fringes contrast is needed. Waviness was added. The waviness was accounted by averaging 

the transmission for five different thicknesses, 1010 nm, 1010± 20 nm, and 1010± 40 nm 

with a respective weight of 5, 3, 3, 1, 1. Compared to the case without waviness in Figure 

4(a), Figure 4 (d) shows that the simulated transmission curve of a rough substrate with 

thickness fluctuation has less contrast in the fringes, and fit very well the experimental data. 

The inset in Figure 4(a) shows the refractive index deduced from the fitting by the 

gradient descent optimization method, which is comparable to the refractive index for the 

FTO thin film in the literature [32]. We used the same optimization method to optimize the 

thickness, waviness, the amplitude of the roughness and the refractive index of FTO at the 

same time. The optimized values are as follows: the thickness of the rough FTO layer "_`a	=  
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1010 nm, the roughness amplitude /_`a	= 29.5 nm and the thickness waviness amplitude, 

J_`a equals to 20 nm. 

 

4.3. The combined model 

To achieve the best fitting between the calculation from the combined model and 

measured curve, we first assess the contributions of the different parameters. Figure 5 (a) 

shows the calculated optical transmission curves of three simple models. The first curve is 

calculated from the FTO coated substrate plus two effective ZnO layers. For the top layer, the 

thickness " = 220 nm and density <�=58%, and for the second layer, the thickness is �S = 480 

nm and the density is <�=70%. Referring to the transmission curve of the FTO substrate, this 

calculated curve has more interference fringes because of the larger thickness. There are 

obvious disturbances of the fringes from 420 nm to 500 nm, which is due to the difference in 

the effective refractive index of the two layers. The dotted curve of Figure 5 (a) is the 

transmission of the substrate plus two ZnO effective layer with roughness ξm=48 nm in the top 

layer and total waviness J= 120nm. Compared to the case without roughness and waviness, 

this curve has lower transmission and the contrast of the fringes is much less. Both of the two 

curves have no transmission in UV ranges because of the absorption of the ZnO layers. The 

third curve is the transmission calculated for the substrate plus an effective layer including 

Mie contribution which has the equal thickness and diameter of " = 220 nm, density of sphere 

<�=58% estimated from the ratio between ZnO and air from the SEM image (inset of Figure 

1(b)), dispersion of the diameter J=>=7nm. This curve shows that a dip at around 500 nm can 

be explained by Mie resonance that will induce a drop in the transmitted intensity as shown in 

the measured transmission of sample 2. 

The inset of Figure 5(b) shows the combined model which is composed of the 

substrate, an effective ZnO layer and a nanoshpere layer. The simulated curve is calculated 

based on the following parameters: the diameter of nanospheres "  = 220 nm and a size 

dispersion J=> equals to 7 nm, the thickness of the sphere layer and the ZnO effective layer 

are 220 nm and 480 nm respectively, the top surface roughness /bAa=48 nm and the waviness 

amplitude, JEccEdG�YE	e:fE;=  = 140 nm, which is around 20% of the total thickness. This 

optimized curve is the one that agrees the most with the measurement. 

 



11 

 

5. Discussion 

 

The transmission of ZnO nanowires is phenomenologically modelled by the combined 

model. In our model, the nanospheres are used to simplify the volume shape of the nanowires, 

while the roughness simplifies the top profile of the nanowires. The volume scattering and 

surface scattering effects are considered as the main factors for light scattering in the 

nanowires array. In addition, we add a ZnO thin film layer on the FTO layer to absorb the 

transmitted UV light through the first top layer. Furthermore, the waviness, thicknesses, and 

diameters that are applied in the model lead to a remarkable fit for the fringes contrast in the 

transmission curves. The goal behind the use of the simplified model is to explain that light 

interaction within the rather complicated sample can be simplified and considered as the 

combination of Mie and rough surface scatterings. 

As for the phenomenological description, it is worth comparing the parameters of the 

combined model to the parameter of the nanowires in the real case. In the combined model, 

the combined structure including the slab of nanospheres, the rough and wavy ZnO layer is 

aiming at modelling the light interaction in the nanowires arrays. As shown in Table 1 

comparing the measured and retrieved parameters, we find that the thickness of the combined 

structure (the layer of ZnO nanospheres plus the ZnO layer) is comparable to the length of the 

nanowires and that the diameter of the nanospheres (about 220 nm) matches the diameter of 

the nanowires as well. This very good agreement between measured and retrieved parameters 

confirms the veracity of the combined model proposed here. As the model i.e. generic model 

relies on three opto-geometrical parameters, the length and the diameter of the nanowires and 

their refractive index. The difference in height is accounted by the roughness parameter 

whereas the potential light scattering induced by the structures themselves is accounted by the 

Mie-theory. This phenomenological model can be easily applied to any other material based 

nanowire films which allows for a simple physical description of light interaction within 

nanowire arrays based thin films.  

The main limitation lies in the fact that the description does not account for anisotropic 

diffractive structures. This will be a limitation for describing nanowires laying on a substrate 

which is here out of the scope of a thin film description. This model intends to described 

nanowire based thin films with the wires mainly oriented perpendicular to the substrates 

which is from far the most current case whatever the chemical or physical growth techniques 

excluding transfer techniques. 
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In summary, we have proposed a 1D matrix based phenomenological model to 

describe the transmission of randomly distributed nanowires arrays. The model relies on Mie 

scattering, interface roughness, and waviness. The simulations on the CBD grown nanowires 

sample and the FTO substrate firstly verified the applicability of the rough layer model. Then 

using the combined model, we have modelled light transmission of randomly distributed ECD 

growth ZnO nanowire array samples. Parameters determined from the fit are in a very good 

agreement with the experimental ones. Such a systematic study could potentially be used to 

predict the optical properties of any kind of nanowire samples and thus allowing for 

optimizing the structure features, by controlling the growth conditions on specific substrates. 
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Figure and table captions 

 

Fig.1. Phenomenological modelling of nanowires thin film: Sketches of the sample (left) and 

the used model (right). The model is mainly composed of a rough nanosphere layer with an 

effective medium refractive index neff1 that includes light scattering contribution and a second 

layer of refractive index neff2 to account for the porosity. The two layers model can be 

combined with any multilayer system such as coated transparent substrate including TCO 

coated glass. In the phenomenological modelling: The average diameter of the nanowires d 

corresponds to the diameter of the sphere; The average height of the nanowires e corresponds 

to the sum of the layer 1 and 2 thicknesses em + d; The small scale height fluctuations ξ 

corresponds to the roughness ξm; The large scale height fluctuations w corresponds to the 

waviness J. 

 

Fig.2. Optical transmission of typical nanowires samples: vertically aligned nanowires with 

flat top surface and tilted nanowires with round top. (a) Transmission curve of the CBD 

growth ZnO nanowires prepared on quartz substrate. (b) Transmission curves of the FTO 

coated glass substrate and the ECD growth ZnO nanowire arrays sample. The inserted images 

are respectively SEM images of the corresponding samples with respective scale bar. 

 

Fig.3. Experimental and corresponding theoretical transmission curves of the ZnO sample 1 

using the rough surface model (cf.inset) including waviness as represented by the dotted line. 

 

Fig.4. Parameters assessment: (a) Calculated optical transmission curves of the flat substrate 

model, the rough substrate model and the experimental data. The inset represents is the 

refractive index (real and imaginary) of FTO, the x axis is the same as the one for the 

transmission curve. (b) SEM image of the FTO. (c) AFM image of the FTO layer surface. (d) 

Transmission curves of the rough surface model (cf. inset) with thickness waviness of the 

FTO thin films as to compare with the experimental data.  
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Fig.5. Combined model fitting: (a) Calculated optical transmission curves for the three 

models: FTO coated substrate plus two effective ZnO layers, FTO layer plus two ZnO 

effective medium layers with roughness and waviness applied, FTO layer plus a nanosphere 

layer. The arrows indicate the drop of transmission in the UV and visible range which are 

respectively the ZnO absorption and light scattering by the nanowires top part. (b) 

Transmission curve calculated by the combined model (inset image) and corresponding 

experimental data. 

 

Table 1. Comparison between the measured parameters and the retrieved parameters from 

the combined model. 
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Fig.3. Experimental and corresponding theoretical transmission curves of the ZnO sample 1 
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Fig.4. Parameters assessment: (a) Calculated optical transmission curves of the flat substrate 

model, the rough substrate model and the experimental data. The inset represents is the 

refractive index (real and imaginary) of FTO, the x axis is the same as the one for the 

transmission curve. (b) SEM image of the FTO. (c) AFM image of the FTO layer surface. (d) 

Transmission curves of the rough surface model (cf. inset) with thickness waviness of the 

FTO thin films as to compare with the experimental data.  
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Fig.5. Combined model fitting: (a) Calculated optical transmission curves for the three 

models: FTO coated substrate plus two effective ZnO layers, FTO layer plus two ZnO 

effective medium layers with roughness and waviness applied, FTO layer plus a nanosphere 

layer. The arrows indicate the drop of transmission in the UV and visible range which are 

respectively the ZnO absorption and light scattering by the nanowires top part. (b) 

Transmission curve calculated by the combined model (inset image) and corresponding 

experimental data. 
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the combined model. 

 

 

 

 

 

 

Measured parameters 
Corresponding retrieved 

parameters 
Thickness of FTO layer:  

about 1 µm 
Thickness of FTO layer:  

1.01 µm 
Roughness of FTO layer surface: 

29.5 nm (root mean square) 
Roughness of FTO layer surface: 

29.5 nm (root mean square) 
Average diameter of the 

nanowires: 
about 200 nm 

Diameter of the nanospheres: 
 220 nm 

Average length of the nanowires: 
about 700 nm  

Thickness of effective layer 1: 
220 nm 

Thickness of effective layer 2: 
 480 nm 




